Accepted Manuscript

Au@CdSe heteroepitaxial nanorods: an example of metal nanorods fully cov-
ered by a semiconductor shell with strong photo-induced interfacial charge
transfer effects

Suh-Ciuan Lim, Wen-Fu Lo, Po-Yuan Yang, Shu-Chen Lu, Anneli Joplin,
Stephan Link, Wei-Shun Chang, Hsing-Yu Tuan

PII: S0021-9797(18)30836-1

DOI: https://doi.org/10.1016/j.jcis.2018.07.080
Reference: YJCIS 23871

To appear in: Journal of Colloid and Interface Science
Received Date: 10 May 2018

Revised Date: 14 July 2018

Accepted Date: 20 July 2018

Please cite this article as: S-C. Lim, W-F. Lo, P-Y. Yang, S-C. Lu, A. Joplin, S. Link, W-S. Chang, H-Y. Tuan,
Au@CdSe heteroepitaxial nanorods: an example of metal nanorods fully covered by a semiconductor shell with
strong photo-induced interfacial charge transfer effects, Journal of Colloid and Interface Science (2018), doi: https://
doi.org/10.1016/j.jcis.2018.07.080

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting proof before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.jcis.2018.07.080
https://doi.org/10.1016/j.jcis.2018.07.080
https://doi.org/10.1016/j.jcis.2018.07.080

Au@CdSe heteroepitaxial nanorods: an example of metal
nanorods fully covered by a semiconductor shell with strong

photo-induced interfacial charge transfer effects

Suh-Ciuan Lim*, Wen-Fu Lo®, Po-Yuan Yang', Shu-Chen Lu', Anneli Joplin®, Stephan Link’, Wei-
Shun Chang™* and Hsing-Yu Tuan™*

‘Department of Chemical Engineering, National Tsing Hua University, 101, Section 2, Kuang-Fu
Road, Hsinchu, Taiwan 30013, ROC.

"Department of Chemistry, Rice University, 6100 Main Street, Houston, Texas 77005, United

States

‘President address:Department of Chemistry and Biochemistry, University of Massachusetts

Dartmouth, 285 Old Westport Rd, North Dartmouth, Massachusetts 02747, United States

*Corresponding author
Email address: wehang2@umassd.edu

Email address: hytuan@che.nthu.edu.tw


mailto:hytuan@che.nthu.edu.tw
mailto:hytuan@che.nthu.edu.tw

Abstract

Synthesis of metal@semiconductor heteroepitaxial nanorods fully covered by a semiconductor
shell remains challenging due to the large lattice mismatch between the two components. Here,
we prepared Au@CdSe heteroepitaxial nanorods by employing pre-growth of AgSe as an
intermediate layer that favored the formation of a complete CdSe shell via a cation-exchange
process. The optical properties of these hybrid nanostructures can be tailored by changing the
shell thickness with thicker shells resulting in a redshift of the longitudinal surface plasmon
resonance (SPR). The resonance energy, intensity and linewidth of the longitudinal surface
plasmon resonance were measured by single-particle dark-field scattering (DFS) spectroscopy,
confirming significant electron transfer from the Au nanorod to the CdSe shell. In addition, we
also studied the dependence of the catalytic reacitivty on shell thickness in photocatalysis of
methylene blue under UV illumination. These studies revealed that a thinner shell thickness

resulted in higher photocatalytic activity.

Keywords: metal@semiconductor, heteroepitaxial nanorods, cation-exchange process, surface

plasmon resonance, single-particle dark-field scattering, photocatalytic activity



1. Introduction

Noble metal nanomaterials have attracted much research attention in the physical, chemical,
and material sciences because of their surface plasmon resonance (SPR)™*. The optical
properties of the SPR are very sensitive to the shape, size and constituent materials of the
nanostructures as well as their surrounding medium. There are several approaches to manipulate
the energy and lineshape of the SPR spectra. For example, by changing the nanoparticle shape
from spheres to rods, the SPR spectra split into transverse and longitudinal modes with an SPR
parallel to the short and long axes of the nanorods, respectively. Covering metallic
nanostructures with another material to create heterostructures is an alternative way to
dramatically tune their optical properties. The latter method includes two general approaches.
The first approach is to form a metallic shell outside of the metal nanoparticle creating a
metal@metal nanostructure such as Au@Ag . The SPR bands of Au@Ag core-shell
structures are blueshifted compared'to Au nanostructures due to the different dielectric constant
of the shell, which supports a SPR. The other approach is to form hybrid nanostructures from
two different types of materials. For example, metal@magnet®*! metal@semiconductor****!
and semiconductor@semiconductor™® *" hybrid structures have already been demonstrated with
Au@TiO, core-shell structuresi*®?% being the most frequently reported in the literature. In the
case of Au@TiO, nanostructures the effective refractive index around Au increases inducing a
redshift of the SPR with increasing TiO; shell thickness. Additionally, other researchers have
shown modulation of the SPR in Au nanostructures by forming metal@chalcogenide core-shell
structures 21,

Among potential hybrid nanostructures, metal@semiconductor core-shell heterostructures

have been extensively studied because this type of composite combines two disparate materials



to form a unique structure with synergetic properties and functionalities. For example, in
metal@semiconductor heterostructures, the metal domains may serve as anchoring sites for
assembly of various structures’®?. Additionally, the metallic components can greatly increase the
light absorption efficiency® 2 and the photocatalytic reactivity of semiconductors by improving

charge separation!?’%%!

. Moreover, metallic components can also modify the nonlinear optical
properties and change the photoluminescence (PL) behavior of semiconductors®® 3. The
developments in metal@semiconductor synthesis included a wide variety of methods, fabrication
of metal@semiconductor heteroepitaxial nanostructures with complete semiconductor shells has
been regarded as tremendous challenge because of the large lattice mismatch between these
components and has been demonstrated in recent studies®***. Many efforts have been devoted
to the synthesis of this type of heterostructure including the selective deposition of metals onto
semiconductor tips>2% the diffusion of metal seeds into semiconductor solutions, and growth
of semiconductors on metal seeds®®#%#2 Fyrthermore, the synthesis of metal-semiconductor
core-shell heterostructures is of particular interest because these heterostructures can maximize
the interfacial area between components and thus provide an outstanding platform for achieving
charge separation and exciton-plasmon interactions. Wang et al. used Cu(NO3), as precursor to
form a Cu,O shell on‘Au spheres™. Talapin et al. prepared Au@PbS core-shell heterostructures
in the oil phase using PbS-oleate as precursor™. Wang et al. further synthesized different
Au@sulfide heterostructures by binding metal thiobenzoates onto various Au structures?®).
These strategies all relied on particular metal precursors for the growth of heterostructures.
Among methods for the synthesis of metal@semiconductor core-shell heterostructures, the

cation-exchange reaction stands out. This technology was established by Alivisatos et al. and

provides a brand-new strategy for transformation of materials from one crystalline solid to



another® ¥ In a cation-exchange process, the composition of the material is altered by
replacing one cation with another substitutional metal ion. For example, CdSe is transformed
into Ag,Se by adding a solution containing Ag” cations into a suspension of CdSe nanocrystals,
and the reverse reaction from Ag,Se to CdSe is favored upon addition of Cd*"**!. However, the
transform from Ag.Se to CdSe is thermodynamically unfavorable. It can only happen when a
complex ligand such as TBP or TOP is employed“® 1. Remarkably, the morphology of the
nanocrystals remains unchanged after the cation-exchange process.

UV-visible light photocatalysis can effectively convert solar energy to chemical energy. In the
past few years, extensive effort has been devoted to the study of semiconductor photocatalysts
because of their ability to convert photon energy into chemical energy. The key step in
photocatalysis is effective charge separation of electron-hole pairs. Single component
semiconductor nanomaterials display relatively poor photocatalytic efficiency because the light-
induced charge carriers easily diffuse back into the semiconductor domain and undergo
recombination. However, metal@semiconductor hybrid structures can enhance charge separation
to suppress the recombination of photogenerated electrons and holes, and thus have been

[41,48-52

extensively used in photocatalysis ). The most common semiconductor components applied

are metal oxides like.ZnO™"**¥or Ti0,*™. For example, Li et al. successfully synthesized
Au@ZnO hybrid nanoparticles to catalyze the reaction of rhodamine B (RhB) dye molecules™’.
Additionally, Kamat et al. prepared Au-capped TiO, nanoparticles which were used to generate
thiocyanate ions (SCN) at the semiconductor interface™. However, one disadvantage of these
systems is that light absorption is limited in metal oxides to a smaller spectral region because of
their larger bandgap energies. CdSe is another promising material for photocatalysis because its

smaller bandgap energy of 1.7 eV allows for broad size-dependent spectral tuning within the

visible light spectral range. Charge separation in CdSe nanocrystals was previously reported



when they were combined with semiconducting polymers or organometallic compounds”™*”. For
example, Banin et al. demonstrated light-induced generation of electron-hole pairs in CdSe@Au
nanodumbells (NDBs), which were also effective in the photocatalytic reduction of methylene
blue molecules™. Furthermore, additional research using CdSe@Pt nanoparticles proved that
photocatalysis is dependent on the morphology of the hybrid structures™”.

In this research, we established a strategy for obtaining Au@CdSe core-shell heterostructures
by pre-growth of Au nanorods as structure-directing cores for further synthesis. This method
relied on the pre-growth of Ag,Se as an intermediate layer that favored the formation of a CdSe
shell in a subsequent cation-exchange reaction. We controlled shell thickness via the amount of
Cd?** ions in the solution based on the relative concentration. The photocatalytic properties of
these hybrid structures were investigated via reduction of methylene blue (MB) under UV

irradiation at 254 nm to reveal the relationship between the photocatalytic reactivity and the shell

thickness.

2. Experimental
2.1 Chemicals

All chemicals were used as received without additional purification. Gold chloride trihydrate
(HAuCl, 3H,0, 99.9%), sodium borohydride (NaBH,, 99%), silver nitrate (AgNO,, 99%), L-
ascorbic | acid  (99%), hexadecyltrimethylammonium  bromide (CTAB, 99%),
polyvinylpyrrolidone, cadmium nitride tetrahydrate (Cd(NO,),, 99.999%), sodium hydrate
(NaOH, 99.998%), and methylene blue were all purchased from Sigma-Aldrich. Selenourea

(99%) was purchased from Alfa Aesar.

2.2 Synthesis of Au nanorods



The Au nanorods were prepared in aqueous solution using a seed-mediated growth method. First,
the Au seed solution was prepared by adding 0.25 mL of 0.01 M HAuCl, solution into 9.75 mL
of 0.01 M CTAB. A freshly prepared 0.6 mL solution of 0.01 M NaBH, was injected drop-by-
drop into that mixture and the solution was vigorously stirred for 2 hours. Next, the growth
solution was prepared by combining 0.95 mL of 0.01 M AgNO,, 5 mL of 0.01 M. HAuCl,, and
9.5 mL of 0.01 M CTAB followed by the addition of 0.55 mL of 0.1 M ascorbic acid. The
solution became colorless after the addition of ascorbic acid. Finally, 0.12 mL of seed solution
was injected into the growth solution and stirred for 12 hours. The product was centrifuged at
8000 rpm for 5 min several times and the collected precipitate was dispersed in 10 mL of DI

water.

2.3 Synthesis of Au@CdSe Core-Shell Heterostructures

The three steps to obtain Au@Ag, Au@Ag,Se and Au@CdSe nanorods are as follows:

Step 1: For the Au@Ag nanorod synthesis, 0.8 mL of the prepared Au nanorod solution was
mixed with 0.1 M CTAB and 3.2 mL of 1 wt% PVP solution. Next, 1 mM AgNOgs, 0.1 M
ascorbic acid and 0.2 M NaOH solution were added to the mixture solution to maintain a
volumetric ratio of mixture solution, ascorbic acid and NaOH as 60:25:50. After NaOH was
injected, the color of the solution changed rapidly indicating formation of the Ag shell.

Step 2: The as-prepared Au@Ag nanorods were dispersed in 3 mL of DI water. Au@Ag,Se
nanorods were obtained by mixing an excess of selenourea solution with the Au@Ag nanorod
solution. The Ag,Se shell was formed after stirring for 30 minutes. The Au@Ag.Se nanorods

were used as prepared to grow Au@CdSe nanorods.



Step 3: 0.1 M Cd(NOs); solution was prepared and injected in different amounts (Table S1) into

the Au@Ag,Se nanorod solution. The solution was kept at 50 °C and stirred for 60 minutes. The

final product was centrifuged and the collected precipitate was dispersed in DI water.

2.4 Photocatalysis of Au@CdSe hybrid structures

Different shell thicknesses of 1 mg Au@CdSe nanorods dispersed in 1 ml DI water were
prepared and added to 10 mL of 10°M methylene blue (MB) aqueous solution. The solutions
were stirred in a dark room until an adsorption equilibrium was reached. Subsequently, the
solutions were exposed to UV radiation using a 4 W/115 V- 60 Hz/ 0.16 Amps UV lamp in
different time intervals. After exposure, the samples were centrifuged to remove the Au@CdSe
photocatalysts. The change in MB absorption was measured using a UV-visible
spectrophotometer to determine the concentration of MB. The degradation efficiency of the MB

can be defined as follows™”":

Degradation (P%) = (1-C/Cyp) x100%
where Cyp is the initial concentration of MB at adsorption equilibrium, and C is the residual

concentration of MB at each time interval.

2.5 Characterization

Transmission electron microscopy (TEM) was performed using a Hitachi H-7100 electron
microscope with an accelerating voltage of 75kV. High-resolution TEM (HRTEM), selected area
diffraction (SAED) and EDX analysis were obtained using a JEOL JEM 2100F electron
microscope with an accelerating voltage of 200 kV. UV-visible spectra were characterized using

a Hitachi U-4100 spectrophotometer under atmospheric conditions.



Single-particle dark-field scattering (DFS) spectra were acquired using a home-built microscope
based on a commercial microscope (Zeiss, Observer 1m) with a transmission dark-field
geometry. Unpolarized light from a halogen lamp (100W) was focused on the sample through an
oil-immersion dark-field condenser (N.A. =1.4) and the scattered light from single nanoparticles
was collected via an air-space objective (N.A. =0.8). The image was focused onto'a 50 um pin
hole and then directed to a spectrometer (Princeton Instruments, SP2150) equipped with a CCD
camera (Princeton Instruments, BR400). The pinhole replicated a confocal scheme and only
transmitted the scattered light from a specific region of interest. All single-particle spectra were
corrected for the background scattering of the substrate and normalized by the lamp spectrum.
The data were analyzed using a home-made Matlab script. The nanoparticles were deposited on a
quartz substrate with a microscale Au pattern to allow identification of the same nanoparticles in

optical and electron microscopes.

3. Results and discussion

The synthesis scheme is displayed in Scheme 1, and each stage is characterized by TEM images
as shown in Fig. 1. Fig. la shows that the longitudinal axis and transverse axis of the Au
nanorods were 20-36 nm and 8-16 nm, respectively. Sodium citrate was used as a surfactant for
formation of the Ag shell in previous reports’. However, due to relatively low reproducibility, we
used polyvinyloyrrolindone (PVP) and cetyltrimethyl ammonium (CTAB) as our surfactants
instead of sodium citrate. Fig. 1b shows a TEM image of the Au@Ag core-shell structures. A
homogeneous Ag layer is easily deposited on the surface of the Au nanorods because of the
perfect lattice match between these two metals. However, the similar lattice spacing makes it
difficult to identify the interfacial area of Au@Ag and hard to measure the Ag shell thickness

quantitatively’. In order to obtain Au@CdSe core-shell heterostructures, we formed an



intermediate layer of Ag,Se, which favors CdSe shell formation via a cation-exchange reaction.
It is very important for this process to occur under an oxygen rich environment based on the

balanced reaction, which is shown below:

4 Ag +2Se” + 0, + 2 HyO — 2 Ag,Se + 4 OH

Fig. 1c shows TEM images of Au@Ag.Se core-shell heterostructures and the shell
thickness of Ag,Se is almost the same as the Ag layer. The cation-exchange process
represents a general approach for preparing various metal-chalcogenide heterostructures
in previous reports®®“®1®1 n this research, the intermediate Ag,Se shell was transformed
into a CdSe shell by adding a certain amount of aqueous Cd(NO3), to the Au@Ag,Se
solution. The excess Cd?*" ions reacted with residual selenide in the solution promoting
CdSe shell growth. The final Au@CdSe core-shell heterostructures exhibited a shell
thickness of 3.6 nm as shown in Fig. 1d. Furthermore, the thickness of the CdSe shell can
be modulated by adding different amounts of aqueous Cd(NO3), to the Au@Ag.Se
solution. The Cd(NO3), concentrations are 9.8, 10, 12.4, 12.9 mM for the formation of 2-
3, 4-6, 6-8, 9-11 nm CdSe shell thickness, respectively. The composition of the shell on
the Au nanorods was indicated by the color of the solution and the SPR wavelengths of
the hybrid structures as shown in Fig. 2. The original longitudinal SPR (LSPR) of the bare
Au nanorods was centered at about 800 nm, and the transverse SPR (TSPR) band
appeared at around 520 nm. The LSPR wavelength of Au@Ag nanorods blueshifted to
735 nm after Ag coating, and the color of the solution changed from pink to green. After
the Ag layer was converted to an Ag,Se layer, the LSPR wavelength redshifted to 900 nm
due to the higher refractive index of Ag.Se!®, and the solution color changed from green

to purple-red. Finally, the LSPR wavelength of the Au@CdSe hybrid structure further

10



redshifted to about 960 nm after the cation-exchange reaction while the corresponding
solution color changed from purple-red to gray. In contrast to the LSPR, the TSPR
wavelength at each stage barely shifted.

Fig. 3 illustrates the detailed crystallographic geometry and composition of the
intermediate Au@AQg,Se core-shell nanorods. Fig. 3a shows the high-resolution TEM
(HRTEM) image of a single nanorod and the inset is a fast Fourier transform (FFT) of the
square region, indicating the (121) crystal plane of the Ag,Se shell. A HRTEM image was
also obtained for the interface of the core and the shell region as shown in Fig. 3b. The
parallel lattice planes for the Au-core and Ag,Se-shell were 0.236 nm and 0.258 nm, in
agreement with the (111) lattice plane of a face-centered cubic Au crystal and the (121)
lattice plane of an orthorhombic structure of Ag,Se, respectively. Fig. 3c shows a typical
selected area electron diffraction (SAED) pattern of the sample shown in Fig. 3a. The
diffraction pattern indicates the polycrystallinity of the Ag,Se shell with an orthorhombic
structure. To further confirm the composition of the samples, we investigated them by
energy dispersive x-ray spectroscopy (EDS) analysis as shown in Fig. 3d. The EDS
spectrum shows Au, Ag and Se peaks in addition to the C, O and Cu peaks generated by
the carbon-coated copper grid. Fig. 4 presents the detailed crystallographic geometry and
composition of the Au@CdSe core-shell nanorods. To confirm the heteroepitaxial growth
of the core-shell hybrid structure, the final products were analyzed by high-resolution
TEM and SAED. Fig. 4a displays a HRTEM image of a single Au@CdSe nanorod and
the inset is a FFT of the square region, indicating the (102) crystal plane of the CdSe shell.
A HRTEM image was also acquired at the interface of the Au-core and the CdSe-shell

and is shown in Fig. 4b. Two distinct sets of lattice fringes can be clearly observed. In the
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core region, an interlayer spacing of 0.202 nm is obtained, which corresponds to the d-
spacing of the (200) crystal plane of the fcc Au. In the shell region, an interlayer spacing
of 0.255 nm was obtained, which agrees with the d-spacing of the (102) crystal plane of
the wurtzite structure of CdSe and it is found to grow heteroepitaxially on the (200) plane
of Au. The SAED pattern recorded on the CdSe shell in Fig. 4c demonstrates that the
structure of the final product was polycrystalline and consisted of the wurtzite phase of
CdSe. In order to confirm the composition of the final products, we characterized them by
EDS as shown in Fig. 4d. The EDS spectrum exhibits Au, Se and Cd signals as well as
the C, O and Cu peaks attributed to the carbon-coated copper grid. Additionally, to more
clearly reveal the spatial distribution of Au, Cd and Se within the heterostructures, we
performed high-angle annular dark-field scanning TEM (HAADF-STEM) (Fig.S1) and
extra EDS analysis individually against core or shell part of the Au@CdSe core-shell
nanorods (Fig. S2). These results confirmed that Au is present at the core while Cd and Se
are localize at the shell.

During synthesis, we can precisely control the shell thickness of Au@CdSe core@shell
heterostructures by addition of different amounts of aqueous Cd(NOz3),. Fig. 5 shows
TEM images of Au@CdSe hybrid structures with various shell thicknesses ranging from
1.7 nm to 8 nm. The table in Fig. 5 shows the dimensions of Au@CdSe hybrid structures.
Fig. 6 shows the influence of fine tuning the thickness of the CdSe shell on the optical
properties. When the shell thickness is increased, a redshift of both the LSPR and TSPR
bands can be observed. This result arises from the higher effective refractive index around
the Au nanorods with increasing shell thickness. We also calculated LSPR wavelength of

Au@CdSe nanorods as a function of shell thickness using Gans theory!®. (see supporting
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information and Fig. S3) The core dimension was fixed as 10 x 30 nm while the shell
thickness varied at the range of 1.7 ~ 8 nm. We observed a red-shift of SPR peak with
increasing shell thickness consistent with our experimental results.

Single-particle DFS measurements suggest an efficient electron transfer from the Au nanorod
to the CdSe shell in Au@CdSe nanorods when exciting the SPR. In order to obtain reasonable
signal to noise ratios for DFS spectra of single Au@CdSe nanorods, we synthesized bare
nanorods with dimension of 65 x 25 nm and grew a CdSe layer with thickness of 6 ~ 8 nm. The
symbols in Fig. 7a and 7b represent the DFS spectra of single bare Au and Au@CdSe nanorods
respectively with their corresponding SEM images shown as insets. The peak positions and the
widths of the plasmon spectra were obtained by fitting the DES spectra to a Lorentzian function
(solid lines in Fig. 7 a, and b). For bare Au nanorods, the peak positions were 700 nm (upper)
and 680 nm (lower), while those for the Au@CdSe nanorods were 728 nm (upper) and 736 nm
(lower). The redshift of the plasmon band in Au@CdSe nanorods compared to the bare Au
nanorods arises from the higher refractive index of the CdSe layer compared to the effective
refractive index of air and the quartz substrate. More interestingly, the spectral linewidths of
Au@CdSe nanorods were 80 nm (upper line in Fig. 7b) and 81 nm (lower line in Fig. 7b) in
comparison to the bare Au nanorods with plasmon linewidths of 48 nm (upper line in Fig. 7a)
and 44 nm (lower line in Fig. 7a). Additionally, the intensity of the plasmon band is ~ one order
of magnitude higher in the bare Au nanorods compared to the Au@CdSe nanorods (Fig. S4). The
broader linewidths and lower intensity in the scattering spectra of the Au@CdSe nanorods
suggests chemical damping of the SPR arising from energy or more likely electron transfer from
the Au to the CdSe layer, which is consistent with the results reported by Lian et al.” An

increase in radiation damping can be ruled out because of the similar size of the bare Au
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nanorods compared to that of the Au@CdSe nanorods as confirmed by SEM. Interband damping
furthermore is smaller for the Au@CdSe nanorods because of the redshifted SPR.

After accomplishing the synthesis and characterization of the Au@CdSe hybrid
structures, we further studied their application in photocatalysis under UV illumination.
The effectiveness of metal@semiconductor heterostructures for photocatalysis depends
on charge separation at the interface of the hybrid structures, which can overcome the

[46471  Duye to their

obstacle of rapid electron-hole recombination in the semiconductor
well-controlled composition and morphology, the Au@CdSe hybrid structures provide an
ideal platform to investigate photocatalysis. In this work; the Au@CdSe hybrid nanorods
were utilized to study the relationship between their photocatalytic properties and CdSe
shell thickness. The photocatalytic activity of bare Au nanorods was also tested for
comparison. MB was used as an electron acceptor and DI water produces abundant OH
radicals which participate the degradation of MB molecules. The photocatalytic
degradation of MB in aqueous solution under UV irradiation of bare Au nanorods and
Au@CdSe hybrid structures is shown in Fig. 8a and 8b, respectively. The double peak
feature of MB at 609 nm and 667 nm is clearly seen in the spectra. It should be noted that
there is no MB photodegradation under UV irradiation in the absence of the CdSe
component. These results demonstrate that the Au@CdSe hybrid structures exhibited
much better photocatalytic efficiency than bare Au nanorods, which showed no loss of

MB absorption under irradiation. The mechanism for MB photodegradation using the

Au@CdSe hybrid structure as a photocatalyst can be described by the following steps®*:
Au@CdSe + hv — Au(e)@CdSe(h") (1)

Au(e)@CdSe(h*) + H,0 — Au(e)@CdSe + H + OH  (2)

14



MB + OH®" — degradation products (3)

Under UV light irradiation, charge separation took place within the Au@CdSe hybrid
structures, resulting in electron transfer to the Au core and residual holes in the CdSe shell (eq.
1). Next, the light-induced holes transferred to the surface of the heterostructures and reacted
with DI water to produce hydroxyl radicals (eq. 2). The MB molecule was decomposed by
hydroxyl radicals and formed colorless leucomethylene blue (MBH) (eg. 3). Once the light-
induced holes were exhausted in the photocatalytic reaction, Au@CdSe heterostructures reached
an equilibrium Fermi level because of the accumulation of the photoexcited electrons®!. The
enhanced photocatalytic efficiency may be a consequence of the charge-transfer kinetics in the

synergetic Au@CdSe hybrid structures.

The photocatalytic performance of Au@CdSe hybrid structures with different shell
thicknesses were further compared in Fig. 9. For Au@CdSe hybrid structures with a shell
thickness range of 2~3 nm, over 60% of MB was degraded within 30 minutes under UV light
irradiation. A thicker shell in'the range of 6~8 nm showed poor photodegradation of MB with the
same exposure time, and structures with a shell thickness in the range of 9~11 nm showed even
lower activity. From the above observations, we conclude that the photocatalytic activity of the
Au@CdSe hybrid structures decreased with increasing shell thickness. This relationship may
originate from the shorter diffusion distance of holes to the shell/solution interface, where the
catalytic reactions occur, with thinner shell thickness. A shorter diffusion distance reduces the
probability of electron-hole recombination at the Au/CdSe interface. It is noted that the fully
covered shell of the Au@CdSe nanorods might trap carriers on the metal core, which leads to the

degradation of the lifetime of a catalyst. This disadvantage can be overcome by a new designed
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of Au@CdSe nanorods where the end of the Au nanorods was not covered by CdSe as shown in

Fig. S1.

4. Conclusions

To summarize, we have developed a facile approach for the synthesis of Au@CdSe nanorods
with complete core-shell structures. This strategy employs pre-growth of AgSe as an
intermediate layer that favors the formation of the CdSe shell by a cation-exchange process. Due
to the large lattice mismatch of bulk Au and CdSe, Au@CdSe represents a model system to
illustrate the mechanism for the synthesis of metal@semiconductor core-shell heteroepitaxial
nanorods. Furthermore, the obtained Au@CdSe nanorods demonstrated that the shell thickness
influenced the SPR. Moreover, light-induced charge separation was demonstrated in the
Au@(CdSe hybrid structures, and the highest photocatalytic efficiency was achieved with the
thinnest CdSe shell. Looking forward, the as-obtained heterostructures with tunable shell
thicknesses are expected to provide alternative substrates for various applications such as solar

cells and biological detection due to their unique morphology and optical properties
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Scheme 1. Growth scheme of Au@CdSe core-shell nanorods.
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Fig. 1. TEM images of (a) original bare Au nanorods, (b) Au@Ag, (¢) Au@Ag,Se core-shell

nanorods, (d) Au@CdSe core-shell nanorods with a shell thickness of 3.6 nm.
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Fig. 3. (a-b) HRTEM image (c¢) SAED pattern (d) EDS analysis spectrum of Au@Ag,Se core-
shell nanorods. The inset in (a) shows the FFT pattern of the selected square region in the image,

illustrating the (121) crystal plane of the shell.
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Fig. 4. (a-b) HRTEM image (c) SAED pattern (d) EDS analysis spectrum of Au@CdSe core-
shell nanorods. The inset in (a) shows the FFT pattern of the selected square region in the image,

illustrating the (102) crystal plane of the shell.
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Fig. 5. TEM images of Au@CdSe core-shell nanorods with CdSe shell thickness of (a) 1.7 nm,
(b) 3.6 nm, (c) 4.8 nm, (d) 6.2 nm and (e) 8 nm. The insert is a table of Au@CdSe hybrid

structures with dimensions and shell thickness
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Fig. 7. Dark-field scattering spectra of single nanorods. (a) Bare Au nanorod scattering spectra
(blue) with peak positions equal to 700 nm (upper) and 680 nm (lower), and linewidths of 48 nm
(upper) and 44 nm (lower). Inset: the SEM images of measured bare Au nanorods with
dimensions of 58 x 22 nm (upper) and 63 x 25 nm (lower) (b) Au@CdSe nanorod spectra (green)
centered at 728 nm (upper) and 736 nm (lower) with linewidths of 80 nm (upper) and 81 nm
(lower). Inset: SEM images of measured Au@CdSe nanorods with dimensions of 52 x 20 nm
(upper) and 54 x 20 nm (lower). The scale bars of all SEM images indicate 100 nm. Peak
positions and the homogenous linewidths were obtained by fitting the scattering spectra to a

Lorentzian function (solid line).
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Fig. 8. Photodegradation of methylene blue dye molecules with (a) bare Au nanorods and (b)

Au@CdSe nanorods core-shell nanorods photocatalysts with 4-5 nm shell thicknesses under UV

irradiation for the same exposure times.
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Fig. 9. Photocatalytic activity of the Au@CdSe core-shell nanorods. Degradation of MB by the

Au@(CdSe core-shell nanorods photocatalysts with different shell thicknesses: (a) 2~3 nm, (b)

6~8 nm and (c) 9~11 nm. (d) Photocatalytic efficiency comparison of Au@CdSe core-shell

nanorods with different shell thicknesses.
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Graphical abstract
Novel Au@CdSe heteroepitaxial nanorods were prepared via pre-growth of Ag,Se as an
intermediate layer that favored the formation of a complete CdSe shell via a cation-exchange
process. The as-obtained heterostructures with tunable shell thicknesses are expected to provide

alternative substrates for various applications such as solar cells and biological detection.
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